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Objectives: To conduct two economic analyses addressing whether to: routinely
monitor HIV-infected children on antiretroviral therapy (ART) clinically or with labora-
torytests;continue orstop cotrimoxazoleprophylaxiswhenchildrenbecomestabilized
on ART.
Design and methods: The ARROW randomized trial investigated alternative strategies
to deliver paediatric ART and cotrimoxazole prophylaxis in 1206 Ugandan/Zimbab-
wean children. Incremental cost-effectiveness and value of implementation analyses
were undertaken. Scenario analyses investigated whether laboratory monitoring (CD4
þ
tests for efﬁcacy monitoring; haematology/biochemistry for toxicity) could be tailored
and targeted to be delivered cost-effectively. Cotrimoxazole use was examined in
malaria-endemic and non-endemic settings.
Results: Using all trial data, clinical monitoring delivered similar health outcomes to
routine laboratory monitoring, but at a reduced cost, so was cost-effective. Continuing
cotrimoxazole improved health outcomes at reduced costs. Restricting routine CD4
þ
monitoring to after 52 weeks following ART initiation and removing toxicity testing was
associated with an incremental cost-effectiveness ratio of $6084 per quality-adjusted
life-year (QALY) across all age groups, but was much lower for older children
(12þ years at initiation; incremental cost-effectiveness ratio¼$769/QALY). Commit-
ting resources to improve cotrimoxazole implementation appears cost-effective. A
healthcare system that could pay $600/QALY should be willing to spend up to
$12.0 per patient-year to ensure continued provision of cotrimoxazole.
Conclusion: Clinically driven monitoring of ART is cost-effective in most circum-
stances. Routine laboratory monitoring is generally not cost-effective at current prices,
except possibly CD4
þ testing amongst adolescents initiating ART. Committing
resources to ensure continued provision of cotrimoxazole in health facilities is more
likely to represent an efﬁcient use of resources.
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Introduction
Despite large funding increases for HIV/AIDS pro-
grammes in developing countries over the past decade,
the availability of paediatric antiretroviral therapy (ART)
lags behind that for adults. In the region most affected
by HIV/AIDS – sub-Saharan Africa – only 32% of
1.6 million children in need of ART in 2013 received it
[1]. A priority for HIV/AIDS programmes must be to
reduce this large treatment gap. Economic studies can
help identify how limited available resources can be cost-
effectively used to meet the health needs of HIV-infected
children.
The Anti-Retroviral Research for Watoto (ARROW)
trial (ISRCTN24791884) was a large, long-term strategy
trial in children starting ART in Africa. The two
randomizations considered here showed that: routine
3-monthly CD4
þ monitoring provided some health
beneﬁt over clinical monitoring, but only after the ﬁrst
year on ART; however, event rates were low, survival was
high and monitoring for toxicity offered no beneﬁt [2];
continuous cotrimoxazole prophylaxis signiﬁcantly
reduced hospitalizations for malaria and other infections
among children aged above 3 years and who were stable
on ART [3].
This study uses clinical effectiveness and resource-use data
collectedinthetrialtoinvestigatestrategiesfor monitoring
children on ART and use of cotrimoxazole prophylaxis,
with the aim of identifying potential efﬁciency gains in
paediatricHIVprogrammestomaximizehealthoutcomes
from limited available resources.
Methods
Trial summary and clinical effectiveness
In this trial, 1206 previously untreated HIV-infected
children/adolescents meeting WHO 2006 criteria [4] for
ART initiation were enrolled from three centres in
Uganda (Joint Clinical Research Centre, Kampala;
Paediatric Infectious Diseases Clinic/Baylor Uganda,
Mulago; MRC/UVRI Uganda Research Unit on AIDS,
Entebbe)andoneinZimbabwe(UniversityofZimbabwe
Clinical Research Centre, Harare).
For the monitoring randomization, all 1206 children
were randomized to laboratory and clinical monitoring
(LCM; 12-weekly CD4
þ, haematology, biochemistry) or
clinically driven monitoring (CDM; no CD4
þ, haema-
tology/biochemistry,ifneeded,forclinicalmanagement).
Median follow-up [inter-quartile range (IQR)] was
4.0 years (3.7–4.4) and only 3% were lost to follow-
up/withdrew consent (i.e. were last seen before the study
end and were not known to have died) [2]. For the
cotrimoxazole prophylaxis randomization, 1012 children
(>3 years) on ART for more than 96 weeks following
enrolment to the monitoring trial were approached for
randomization (61 had died, were lost to follow-up or
withdrew; 113 were not approached). Two hundred and
ﬁfty-two children were not randomized, mostly because
their caregivers strongly believed cotrimoxazole was
beneﬁcial. Seven hundred and ﬁfty-eight were random-
ized to continue or stop contrimoxazole and were
followed for a median of 107 weeks (96–117); less than
1% were lost to follow-up [3].
In the monitoring randomization, the primary endpoint
(ﬁrst WHO 4 event/death) rate was lower in the ﬁrst year
on ART in the CDM group than in the LCM group (4.1
vs. 5.8/100 child years; P¼0.2) [2]. However, this was
likely due to chance because neither group was switched
to second-line ART before 48 weeks. In contrast, inyears
2–5, WHO 4/death rates were signiﬁcantly higher in the
CDM than in the LCM group (1.3 vs. 0.4/100 child
years; P¼0.002), suggesting beneﬁt of 3-monthly CD4
þ
monitoring in the LCM group. Adverse events and ART
substitutions for toxicity were infrequent and similar in
both groups.
Children stopping cotrimoxazole after 96 weeks on ART
had signiﬁcantly higher rates of hospitalization/death
compared to those continuing cotrimoxazole [hazard
ratio 1.64, 95% conﬁdence interval (CI) 1.14, 2.37,
P¼0.007], but mortality was low and similar in both
groups. Increased hospitalizations in the stop-cotrimox-
azole group were for infections (such as pneumonia,
meningitis and sepsis) and malaria. Signiﬁcant differences
in hospitalization/death were evident at even the highest
CD4
þ values and were similar in Uganda and Zimbabwe
(despite differences in malaria endemicity), across all ages
and in both monitoring arms [3].
Ethics approval was received for the economics study in
Uganda by the National Council for Science and
Technology and the Institutional Review Boards of
Joint Clinical Research Council and Baylor College of
Medicine; and in Zimbabwe by the Medical Research
Council Institutional Review Board.
Cost and outcome estimation
Healthcare costs were estimated taking a health system
perspective using the ‘ingredients’ approach [5].
Resource use data were collected on case report forms
in the ARROW trial on nurse/doctor visits (routine and
non-routine), antiretroviral drugs, other/concomitant
medications, monitoring tests (CD4
þ cell count,
biochemistry, haematology), radiographs and blood
transfusions; items not expected to be incurred for
roll-out of interventions were omitted.
Resource-use items from the ARROW centres in
Zimbabwe/Uganda and representative national unit
costs/prices were combined to estimate the total costs
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of thestrategies.Some unit costswere drawn from micro-
costings undertaken as part of the Development of Anti-
Retroviral Therapy in Africa (DART) trial [6], which
compared LCM vs. CDM in adults at the same centres
where the ARROW trial was conducted. Results were
qualitatively similar across sites, and pooled results are
presented for a typical sub-Saharan African country using
the 2012 prices.
Outcomes were evaluated in terms of quality-adjusted
life-years (QALYs), a generic measure combining both
mortality and morbidity effects of interventions [5] (main
text) and life-years gained (online supplement, http://
links.lww.com/QAD/A602). As there are currently no
published QALY weights for HIV-infected children in
Africa, we used results from a model of health state
utilities for HIV-infected adults in high-income countries
(see eTable one for details, http://links.lww.com/QAD/
A602) [7,8].
Resource use, costs and health outcomes (QALYs) were
estimated per 6-month time-period over 228 weeks
(4.4years) and 104 weeks (2.0 years) from the monitoring
and cotrimoxazole randomizations, respectively. This
time-point was chosen to ensure all WHO 4events/
deaths were included, and that most children had
complete data over the follow-up period. Missing data
for costs and QALYs, due to unavailable CD4
þ tests
within a 6-month period, loss to follow-up before the
trial end, or when trial closure was before children
reached 228 or 104 weeks follow-up, respectively, were
estimatedusingmultipleimputationbychainedequations
using predictive mean matching [9]. Mean CD4
þ%w a s
used to estimate QALYs when there were multiple
CD4
þ% values within a 6-month period.
The expected lifetime cost and health outcomes for
sub-Saharan African children alive and on ART are still
largely unknown. To estimate the long-term impacts of
interventions,in a furtheranalysis, we assumedthose alive
at trial end live for another 25 years, resulting in an
additional 13.93 discounted QALYs (assumed QALY
weight of 0.8; discounted at 3% per annum) and incur
costs after the trial end of $200 per year (much lower than
current costs of providing paediatric ART; discounted at
3%), regardless of the randomization strategy [10]. This
scenario can be considered as representing the maximum
potential for the more effective, more expensive altern-
atives to be cost-effective in the long term.
Monitoring strategies (cost-effectiveness
analysis)
For the monitoring strategies it was anticipated the more
effective alternative (LCM) wouldbe more costly than the
less effective alternative (CDM). Cost-effectiveness was
estimated by comparing incremental cost-effectiveness
ratios (ICERs – the additional cost per QALY gained) of
LCM vs. CDM, to a cost-effectiveness threshold [5].
The cost-effectiveness threshold represents the opportu-
nity costs of committing resources to fund interventions
in terms of health gains forgone due to resources being
unavailable for the provision of alternative investments
[11]. It is, therefore, crucial to have a reasonable estimate
of the threshold as a basis to determine whether an
intervention offers value for money in a particular
healthcare system.
To capture uncertainty, results are estimated probabil-
istically and, for some scenarios, are presented across a
range of cost-effectiveness thresholds in the form of cost-
effectiveness acceptability curves (CEACs) [12]. These
show the probability that an alternative is cost-effective at
different levels of the threshold based upon modelled
variation in patient outcomes observed.
It is challenging to assess how low ICERs should be for
interventions to represent cost-effective use of ﬁnite
healthcare resources. The WHO deem an intervention
offering a unit of health gain (DALY-averted) at under
threetimesgrossdomesticproduct(GDP)percapitatobe
‘relatively cost-effective’ and less than GDP per capita
‘highly cost-effective’ [13]. In 2009, GDP per capita was
estimated to be US$523 in Uganda and US$324 in
Zimbabwe [14], resulting in upper thresholds of
US$1569 in Uganda and US$972 in Zimbabwe.
However, GDP-based thresholds do not adequately
reﬂect opportunity costs, and a number of commentators
believe the WHO-recommended thresholds are too high
[15].
An alternative is to assess other ways in which resources
can be used to generate health gains in the population. In
situations when HIV treatment coverage gaps remain for
both adult and paediatric ART, one option is to compare
estimated ICERswith those estimated in other studies for
the provision of ARTwith clinical monitoring versus no
ART because resources could instead be used to close the
ART coverage gap. Other studies have estimated these at
$600/QALY [16], $590/LYG [17] and $628/QALY [18]
for adults. In this study, we therefore choose to assess
ICERs against a benchmark of $600 to determine
whether there is a possibility the interventions may be
cost-effective relative to widening ART provision.
A number of scenario analyses were undertaken to
investigate conditions under which the interventions
are more likely to be cost-effective. These included:
restricting trial resource use and event data to after week
12 (from when the ﬁrst routine measurements in LCM
occurred) and week 52 (after which LCM was shown to
be more effective, amounting to a strategy of introducing
laboratory monitoring after 1 year on ART); removing
the costs of toxicity monitoring that had no impact on
adverse event outcomes and undertaking age sub-group
analyses (<3, 3–6, 7–11 and 12þ years) to allow the
youngest children, preadolescents and adolescents to be
Efficiency of paediatric HIV treatment programmes Revill et al. 203 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
considered separately. It is also likely that CD4
þ
monitoring costs will decrease in the future, as point-
of-care alternatives become available, so we also
investigated how a 50% reduction in CD4
þ monitoring
costs would affect cost-effectiveness.
Cotrimoxazole strategies (value of
implementation analysis)
A cost-effectiveness analysis was undertaken to compare
continuing versus stopping cotrimoxazole prophylaxis
once children are stabilized on ART. However, since
cotrimoxazoleislow-costevenwithinthecontextofsub-
Saharan Africa, it was expected that continuation would
be cost-effective. Despite its low cost and attempts to
ensure widespread provision, frequent stock-outs in
health facilities have nevertheless been reported [19],
indicating failure of health systems to deliver cotrix-
imoxazole reliably to patients. This suggests that further
interventions (depending on context) may be beneﬁcial
to improve implementation. Possible options include
strengthening procurement systems [20,21], improving
drug supply chains and tracking systems [22] or paying
providers based on provision of cotrimoxazole [23].
Most initiatives to improve implementation will require
ﬁnancial investment and policymakers must consider the
resources they might commit within the context of other
competing calls on their budgets. A value of imple-
mentation analysis was undertaken to investigate under
what conditionssuch implementation initiativesarelikely
to prove worthwhile [24,25]. A cost-effectiveness
threshold of $600 was assumed to reﬂect the opportunity
costs of healthcare resources (described previously). An
upper bound for how much policymakers should be
willing to spend to ensure continuous cotrimoxazole
prophylaxis to children on ART was estimated using
the measure of incremental net monetary beneﬁt
[(difference in QALYS threshold) difference in costs]
(see eMethods for a full explanation). Importantly, grade
3/4 toxicity did not differ in the continue/stop
cotrimoxazole arms of the trial. This analysis represents
a conservative estimate of the value of improving
cotrimoxazole implementation because external beneﬁts
in terms of supply of other drugs, including to other
patient groups, are also likely to occur.
Results
Resource-use items associated unit costs/prices are
presented in Table 1 (see eTables 2 and 3, http://
links.lww.com/QAD/A602 for antiretroviral and other/
concomitant medication units costs/prices).
Monitoring strategies
Estimatedtotalcosts, QALYsand ICERs are presented by
monitoring strategy in Table 2, relating to the period of
trial follow-up. Estimates are based upon imputed values
when data are missing (see eTable 4 on missing data,
http://links.lww.com/QAD/A602). Counts of resource
use and disaggregated costs, based on available case data,
are provided in eTables 5 and 6 (http://links.lww.com/
QAD/A602).
Using all data from initial randomization through patient
follow-upto228weeks,themeantotalcostsofdelivering
ART with LCM ($2327.9) were greater than that with
CDM ($1775.3). LCM offered fewer QALYs (3.9 vs.
4.0), predominantly because of the early imbalance in
deaths (27 LCM vs. 13 CDM in the ﬁrst year on ART).
CDM therefore ‘dominated’ LCM, being more effective
and less costly, and LCM was not cost-effective.
Restricting the analysis from 12 weeks after ART
initiation to 228 weeks, mean total costs per patient
were $2132.9 (LCM) and $1608.8 (CDM); driven
overwhelmingly by higher monitoring costs with LCM
($647 vs. $19 CDM), representing 30% of total costs in
the LCM strategy (eTable 6, http://links.lww.com/
QAD/A602). More than half of this cost derived from
routinelaboratorymonitoringfor toxicity(haematology/
biochemistry) which was shown to have no beneﬁt [2].
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Table 1. Unit costs/prices.
Resource item Unit cost/price Source
Nurse visits (routine) $4.59 (Entebbe), $3.71 (JCRC), $9.43 (Harare), $3.71 (PIDC) [6]
Doctor visits (routine) $4.59 (Entebbe), $3.71 (JCRC), $9.43 (Harare), $3.71 (PIDC) [6]
Other healthcare visits $3.67 (Entebbe), $9.95 (JCRC), $9.83 (Harare), $9.95 (PIDC) [6]
Antiretroviral therapy costs Various (costed individually, by patient, based upon length of time on
regimens – see eTable2, http://links.lww.com/QAD/A602)
[26]
Concomitant medications Various (costed individually, by patient, based on non-ART drug prescriptions
(see eTable 3, http://links.lww.com/QAD/A602)
[27]
Hospitalizations (per inpatient day) $34.95 (all centres) [7]
CD4
þ tests $17.77 (Entebbe), $11.33 (JCRC), $18.82 (Harare), $11.33 (PIDC) [6]
Haematology panel tests $7.27 (Entebbe), $8.02 (JCRC), $13.87 (Harare), $11.33 (PIDC) [6]
Biochemistry panel tests $13.12 (Entebbe), $12.01 (JCRC), $13.76 (Harare), $12.01 (PIDC) [6]
Radiographs $7.19 (all centres) [7]
Blood transfusions $20.02 (all centres) [27]
JCRC, Joint Clinical Research Centre; PIDC, Pediatric Infectious Diseases Clinic. Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
Mean QALYs were 3.80 (LCM) and 3.79 (CDM),
leading to an ICER per QALYof $49497.
In weeks 52–228, mean total costs and QALYs were
$1659 and 3.16 (LCM) vs. $1243 and 3.13 (CDM),
leading to an ICER per QALY of $13896. Removing
toxicity tests led to ICERs of $21023 and $6084 in weeks
12–228 and 52–228, respectively.
In weeks 52–228, after removing toxicity tests, the
ICERs in those initiating ARTaged below 3, 3–6, 7–11
and 12þ years were $26101, $6277, $5093 and $769,
respectively (see Table 3). If, in a future scenario, the costs
of CD4
þ monitoring were to fall by 50% (to $9.4 in
Zimbabwe and $7.3 in Uganda; ‘full loaded’ costs
reﬂecting capital costs and personnel time as well as
consumables), these ICERs would fall to $11697, $2251,
$2248 and LCM (without toxicity tests) dominating
CDM, respectively (see eTables 7 and 8, http://
links.lww.com/QAD/A602 for results using the measure
of life-years gained).
Cost-effectivenessacceptabilitycurves,basedoncostsand
health outcomes in weeks 52–228, are presented in
Fig. 1, for the two selected scenarios for which routine
laboratory monitoring is more likely to be cost-effective
for some healthcare systems: removing costs of toxicity
testing, for all trial participants; removing costs of toxicity
testing and reducing costs of CD4
þ testing by 50%, for all
trial participants and by age sub-groups. These show that
LCM is very unlikely to be cost-effective at thresholds
below $2000, overall and within sub-groups, with the
exception of CD4
þ testing alone for adolescents (aged
12þ), especially when testing costs are reduced.
Including increments for additional QALYs and costs for
children alive at trial end led to ICERs for introducing
routine CD4
þ monitoring from 52 weeks, without
toxicity testing, for ages below 3, 3–6, 7–11 and 12þ
years of $2728, $957, $680 and $319 per QALY,
respectively (see eTable 9, http://links.lww.com/QAD/
A602).
Cotrimoxazole strategies
Continuing cotrimoxazole for children on long-term
ART led to persistent reductions in hospitalizations and
prescriptions of non-ART drugs, with accompanying
reductions in costs that exceeded the costs of providing
cotrimoxazole itself. Stopping cotrimoxazole is both
morecostlyandlesseffective thancontinuedprovision, so
is not cost-effective.
Using all available trial data, mean total health sector costs
and QALYs over 104 weeks follow-up were $947.3 and
1.867 (stopping) vs. $926.5 and 1.872 (continuing)
(Table 4). The main driver of higher costs with stopping
cotrimoxazole was hospitalization costs ($43 with stop-
ping,$24withcontinuing),estimatedbaseduponavailable
use data (see eTables 10 and 11, http://links.lww.com/
QAD/A602). The cost reduction was similar in both
Uganda ($21), a malaria-endemic country, andZimbabwe
($18), a non-malaria-endemic country.
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Table 2. Results (base case and alternative uses of laboratory monitoring).
LCM CDM
Base case: using all trial data from randomization (week 0) to 228 weeks
Costs, mean (SD), US$ 2327.9 (24.6) 1775.3 (20.1)
QALYs, mean (SD) 3.9 (.03) 4.0 (.02)
Incremental cost-effectiveness ratio (ICER) CDM dominates
Evaluated from 12 weeks after initial randomization to 228 weeks
Costs, mean (SD), US$ 2132.9 (20.2) 1608.8 (18.5)
QALYs, mean (SD) 3.80 (.02) 3.79 (.02)
Incremental cost-effectiveness ratio (ICER) $49497/QALY
Evaluated from 12 weeks after initial randomization to 228 weeks; excluding toxicity testing
Costs, mean (SD), US$ 1815.0 (17.7) 1592.3 (18.0)
QALYs, mean (SD) 3.80 (.02) 3.79 (.02)
Incremental cost-effectiveness ratio (ICER) $21023/QALY
Evaluated from 52 weeks after initial randomization
Costs, mean (SD), US$ 1659.4 (14.4) 1243.2 (14.1)
QALYs, mean (SD) 3.2 (.00) 3.1 (.01)
Incremental cost-effectiveness ratio (ICER) $13896/QALY
Evaluated from 52 weeks after initial randomization; excluding toxicity tests
Costs, mean (SD), US$ 1412.9 (12.8) 1230.6 (13.7)
QALYs, mean (SD) 3.2 (.00) 3.1 (.01)
Incremental cost-effectiveness ratio (ICER) $6084/QALY
Evaluated from 52 weeks after initial randomization; excluding toxicity tests and with 50% reduction in CD4
þ monitoring costs
a
Costs, mean (SD), US$ 1303.5 (12.4) 1230.6 (13.7)
QALYs, mean (SD) 3.2 (.00) 3.1 (.01)
Incremental cost-effectiveness ratio (ICER) $2431/QALY
CDM, clinically driven monitoring; ICER, incremental cost-effectiveness ratio; LCM, laboratory and clinical monitoring; QALY, quality-adjusted
life-year. Results are based upon multiple imputation by chained equations using predictive mean matching [9], where cost and QALY data per
period of analysis are missing assumed at random.
aBase case ‘fully loaded’ CD4
þ test costs are $17.8 in Entebbe, $11.3 in JCRC/PIDC, $18.8 in
Harare. The 50% reduction on these fully loaded costs results in CD4
þ test costs of $8.9 in Entebbe, $5.7 in JCRC/PIDC, $9.4 in Harare. Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
The incremental net monetary beneﬁt (INMB) for
continuous provision of cotrimoxazole depends upon the
cost-effectiveness threshold. At a threshold of $600,
INMBper patientis$24over2yearsoftrialfollow-up;or
equivalently $12 per patient-year. This means that if
policymakers can ensure that cotrimoxazole is provided
by use of some implementation initiative costing below
$12 per patient-year (over and above the estimated $6.51
per patient-year procurement cost of cotrimoxazole
[28]), this would represent value for the health system.
This indicates health systems should be willing to invest
notable resources to improve continuityof cotrimoxazole
provision (e.g. in a district with 2000 children on ARTan
investment of up to $24000 would be worthwhile).
Discussion
Healthcare systems in sub-Saharan Africa are severely
resource-constrainedandcannotmeetallthehealthneeds
of HIV-infected children. Policymakers must make
difﬁcult decisions as how best to use available resources
to generate health gains. Paediatric ART is just one
intervention competing for resources; other interven-
tions, such as those aimed at HIV prevention (including
from mother to child), HIV diagnosis and also non-HIV
health interventions, hold equally important claims.
Ensuring efﬁcient provision of paediatric ART is
important because it ensures resources committed to
paediatric HIV treatment are used to greatest effect.
The study uses data from the ARROW trial to inform
when efﬁciencies may be gained in tailoring paediatric
ART programmes. A randomized trial design has
advantages compared to other (i.e. observational) data
sources since the design removes confounding and
selection bias giving results strong internal validity. The
trial showed that CDM (no CD4
þ, haematology/
biochemistry, if needed,forclinical management)delivers
impressivehealthoutcomessimilar tothoseachievedwith
routine LCM (12-weekly CD4
þ, haematology, bio-
chemistry), which provided only small additional health
gain at substantial additional cost. Conversely, continued
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Table 3. Cost-effectiveness results of laboratory monitoring strategies (age sub-group analyses).
LCM CDM
Age sub-group analyses; evaluated from 52 weeks after initial randomization, no toxicity monitoring
Under 3-year-olds
Costs, mean (SD), US$ 1392.1 (19.8) 1191.5 (16.6)
QALYs, mean (SD) 3.17 (.00) 3.16 (.01)
Incremental cost-effectiveness ratio (ICER) $26101/QALY
3–6-year-olds
Costs, mean (SD), US$ 1392.2 (19.2) 1224.9 (18.3)
QALYs, mean (SD) 3.2 (.00) 3.1 (.01)
Incremental cost-effectiveness ratio (ICER) $6277/QALY
7–11-year-olds
Costs, mean (SD), US$ 1459.6 (22.2) 1257.3 (19.9)
QALYs, mean (SD) 3.2 (.01) 3.1 (.02)
Incremental cost-effectiveness ratio (ICER) $5093/QALY
12þ-year-olds
Costs, mean (SD), US$ 1340.7 (34.0) 1282.4 (49.8)
QALYs, mean (SD) 3.14 (.01) 3.07 (.06)
Incremental cost-effectiveness ratio (ICER) $769/QALY
Age sub-group analyses; evaluated from 52 weeks after initial randomization, no toxicity monitoring and fully loaded CD4
þ monitoring
costs reduced by 50%
a
Under 3-year-olds
Costs, mean (SD), US$ 1281.4 (19.3) 1191.5 (16.6)
QALYs, mean (SD) 3.17 (.00) 3.16 (.01)
Incremental cost-effectiveness ratio (ICER) $11697/QALY
3–6-year-olds
Costs, mean (SD), US$ 1284.9 (18.3) 1224.9 (33.6)
QALYs, mean (SD) 3.2 (.00) 3.1 (.01)
Incremental cost-effectiveness ratio (ICER) $2251/QALY
7–11-year-olds
Costs, mean (SD), US$ 1346.6 (21.3) 1257.3 (19.9)
QALYs, mean (SD) 3.2 (.01) 3.1 (.02)
Incremental cost-effectiveness ratio (ICER) $2248/QALY
12þ-year-olds
Costs, mean (SD), US$ 1247.1 (37.3) 1282.4 (49.8)
QALYs, mean (SD) 3.14 (.01) 3.07 (.06)
Incremental cost-effectiveness ratio (ICER) LCM (without toxicity) dominates
CDM, clinically driven monitoring; ICER, incremental cost-effectiveness ratio; LCM, laboratory and clinical monitoring; QALY, quality-adjusted
life-year. Results are based upon multiple imputation by chained equations using predictive mean matching, [9] where cost and QALY data per
period of analysis are missing assumed at random.
aBase case ‘fully loaded’ CD4
þ test costs are $17.8 in Entebbe, $11.3 in JCRC/PIDC, $18.8 in
Harare. The 50% reduction on these fully loaded costs results in CD4
þ test costs of $8.9 in Entebbe, $5.7 in JCRC/PIDC, $9.4 in Harare. Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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LCM dominates CDM
it is more effective, and less costly
(a) CEAC: all trial participants, with no toxicity monitoring (b) CEAC: all trial participants, with no toxicity monitoring
and half CD4
+ test costs
(d) 3 to 6 year olds  (c) Under 3 year olds
(d) 7 to 11 year olds (e) 12+ year olds
CEACS with no toxicity monitoring (a), and no toxicity monitoring and half CD4 costs
CEACS with no toxicity monitoring and half CD4
+ costs: age subgroup analyses
Fig. 1. Cost-effectiveness acceptability curves of alternative approaches to monitoring. (a) LCM, laboratory and clinical
monitoring (12-weekly CD4
þ, haematology, biochemistry). CDM, clinically driven monitoring (no CD4
þ; haematology/bio-
chemistry, if needed, for clinical management). ICER, incremental cost-effectiveness ratio (the cost per QALY-gained from LCM
comparedtoCDM). The‘cost-effectiveness threshold’ representsthe maximum a healthcaresystem shouldbewillingto payforan
additional QALY. The ‘Benchmark ICER’ is an indicative cost-effectiveness threshold (in these analyses marked at $600; based
upon studies indicating this is a reasonable ICER for adult ART compared to no-ART). (b) The cost-effectiveness acceptability
curves (CEACs) show the probability (marked on the Y-axis) that LCM is cost-effective compared to CDM at alternative cost-
effectiveness thresholds (marked on the X-axis) based upon modelled variation in observed outcomes, under the different
scenarios. Two selected scenarios are: (a) LCM with CD4
þ monitoring only; (b–e) LCM with CD4
þ monitoring only and CD4
þ
testing costs halved, for all trial participants and for age subgroups. Results show LCM is very unlikely to be cost-effective at
thresholds below $2000, except CD4
þ testing for adolescents (aged 12þ), especially when testing costs are reduced. Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
provision of cotrimoxazole prophylaxis, for children
stabilized on long-term ART, was effective at reducing
hospitalizations and prescriptions of non-ART drugs
from malaria and other infections, resulting in health
gains and cost savings.
It is assumed the trial ﬁndings are generalizable to other
(non-trial) healthcare settings. Non-trial healthcare
facilities may struggle to achieve health outcomes as
good as those reported in the ARROW trial, which,
whilst designed as a pragmatic trial, was conducted in
centres which were mostly (3/4) already providing
paediatric ARTand had research capability. However, the
majorconcern iswhether the incremental effectiveness of
alternatives in the ARROW trial is informative for
national-level policymaking. For the incremental effec-
tiveness of LCM compared to CDM to be greater in
non-trial settings than is reported in the ARROW trial,
non-trial healthcare centres would have to be able to
implementroutine laboratorymonitoring relatively more
successfully than managing patients clinically compared
to ARROW trial centres, which is unlikely.
For the monitoring randomization, analyses using all
ARROW trial data showed that LCM is ‘dominated’ by
CDM (being both more costly and less effective). This
result is likely due to chance since early outcome
differencescouldnothaveresultedfromanydifferencesin
management between the two arms [2]. Restricting to
outcomes beyond 12 weeks from randomization, or from
1 year, when excess disease progression/death in the
CDM arm became more evident, LCM offers some
beneﬁts, but at considerable cost. Removing the costs of
routinetoxicity monitoring,which wascostlyandoffered
no health gains, and so should not be supported by
policymakers, led to lower estimates of the cost-per-
QALY gains (ICERs) resulting from LCM compared
to CDM.
Age sub-group analyses showed that LCM appears to
offer greatest value when targeted to children 12þ years
old, and may even dominate CDM in this group if
provided without toxicity monitoring and assuming
lower future cost of CD4
þ tests. This result is potentially
important: it likely reﬂects the greater treatment
adherence challenges observed among adolescents com-
pared with younger children, with routine CD4
þ
monitoring being able to identify complete non-
adherence, which can be more easily concealed with
CDM.
There have been no previous studies investigating the
cost-effectiveness of paediatric ART monitoring
approaches in Africa [29]. Results from this study can
be compared to others investigating the cost-effectiveness
of laboratory monitoring for adults on ART. A cost-
effectiveness analysis of the DART trial, evaluating similar
strategies to those in the ARROW trial, showed LCM
was very unlikely to be cost-effective for adult patients
[6]. A combined analysis of three mathematical models,
investigating a wide range of monitoring alternatives, but
particularly focused on whether viral load monitoring
would be cost-effective, found that committing resources
to the expansion of ART coverage is likely to generate
greater health gains than more complex and expensive
monitoring approaches in most circumstances [30]. Viral
load monitoring was not investigated in the current study,
but the good health outcomes reported amongst children
in the ARROW trial mean that the potential for it to add
additional health gains (and hence be cost-effective)
is low.
Routine laboratory monitoring is recommended for
children in both Uganda and Zimbabwe. Until recently,
this has been using CD4
þ and toxicity testing, but now
routine viral load monitoring is recommended [31,32].
However, programmatic data show that in practice
routinelaboratorytesting isnotwidelyavailableandART
is provided using an approach in effect equivalent to
CDM [19]. Similarly, cotrimoxazole prophlyaxis is not
available at many facilities [19]. There are then
distinctions between current ‘recommendations’ and
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Table 4. Cost-effectiveness results for cotrimoxazole randomization (base case analyses and country sub-analyses).
Continue cotrimoxazole Stop cotrimoxazole Difference in means
Base case: Zimbabwe and Uganda results pools
Costs, mean (SD), US$ 926.5 (15.1) 947.3 (17.0) 20.7
QALYs, mean (SD) 1.87 (.00) 1.87 (.01)  0.01
Incremental cost-effectiveness ratio (ICER) Continue dominates
Country sub-analyses
Zimbabwe
Costs, mean (SD), US$ 1082.4 (30.1) 1100.6 (35.8) 18.2
QALYs, mean (SD) 1.88 (.00) 1.86 (.02)  0.02
Incremental cost-effectiveness ratio (ICER) Continue dominates
Uganda
Costs, mean (SD), US$ 875.3 (16.1) 896.2 (18.4) 20.9
QALYs, mean (SD) 1.87 (.00) 1.87 (.00) 0.00
Incremental cost-effectiveness ratio (ICER) Continue dominates
QALY,quality-adjustedlife-year.Resultsarebaseduponmultipleimputationbychainedequationsusingpredictivemeanmatching,[9]wherecost
and QALY data per period of analysis are missing assumed at random. Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
current‘practice’inboththecountries.Thisstudyaimsto
inform policy so that it may suitablyaffect practice and be
expected to improve population health outcomes.
For the cotrimoxazole randomization, continued use of
cotrimoxazole prophylaxis was shown to offer health
gains and reduce health sector costs through reduced
infections, in both malaria-endemic Uganda, and in
non-malaria-endemic Harare, Zimbabwe. The policy
dilemma is not, therefore, whether contrimoxazole
should be continued – it should – but how much to
spend on implementation initiatives and health systems
strengthening to ensure its continued availability in
health centres.
The value of implementation analysis indicates health
systems should be willing to invest substantial amounts,
well beyond the cost of the drug itself, to ensure
availability of cotrimoxazole, suggesting efforts to
improve drug supply are likely to be of value. It also
highlights an important insight that health systems can
generate health gains for their populations, not only by
purchasing interventions, but also (and perhaps more so)
by identifying and determining how barriers to the
provision and receipt of those interventions can be
overcome. Further research in this direction is likely to
prove fruitful.
Acknowledgements
We thank the children, carers and staff from all the centres
participating in the ARROW trial.
P.R. and S.W. conducted and are responsible for data
analysis. K.N., P.M., A.K., P.M., M.B.D., V.M., S.B.K.
and P.N.N. are responsible for acquisition of clinical and
resource use data from trial centres. P.R. and T.M.
acquired unit cost data. P.R., S.W., A.S.W., M.J.S. and
D.M.G. drafted the paper and all authors made critical
contributions. All authors gave ﬁnal approval for the
publication of the paper.
Clinical and trial centers: MRC/UVRI Uganda
Research Unit on AIDS, Entebbe, Uganda: P. Munderi,
P. Nahirya-Ntege, R. Katuramu, J. Lutaakome,, F.
Nankya, G. Nabulime, I. Ssekamatte, J. Kyarimpa, A.
Ruberantwari, R. Sebukyu, G. Tushabe, D. Wangi, L.
Matama M. Aber, M. Musinguzi, D. Nakitto-Kesi; Joint
Clinical Research Centre, Kampala, Uganda: P. Mugye-
nyi, V. Musiime, R. Keishanyu, V.D. Afayo, J. Bwomezi,
J. Byaruhanga, P. Erimu, C. Karungi, H. Kizito, W.S.
Namala, J. Namusanje, R. Nandugwa, T.K. Najjuko, E.
Natukunda, M. Ndigendawani, S.O. Nsiyona, R.
Kibenge,B.Bainomuhwezi,D.Sseremba,J.Tezikyabbiri,
C.S. Tumusiime, A. Balaba, A. Mugumya, F. Nghania, D.
Mwebesa, M. Mutumba, E. Bagurukira, F. Odongo, S.
Mubokyi, M. Ssenyonga, M. Kasango, E. Lutalo, P.
Oronon; University of Zimbabwe, Harare, Zimbabwe:
K.J. Nathoo, M.F. Bwakura-Dangarembizi, F. Mapinge,
E. Chidziva, T. Mhute, T. Vhembo, R. Mandidewa, M.
Chipiti, R. Dzapasi, C. Katanda, D. Nyoni, G.C. Tinago,
J. Bhiri, S. Mudzingwa, D. Muchabaiwa, M. Phiri, V.
Masore, C.C. Marozva, S.J. Maturure, S. Tsikirayi, L.
Munetsi, K.M. Rashirai, J. Steamer, R. Nhema, W.
Bikwa, B. Tambawoga, E. Mufuka; Baylor College of
Medicine Children’s Foundation Uganda, Mulago
Hospital, Uganda: A. Kekitiinwa, P. Musoke, S.
Bakeera-Kitaka, R. Namuddu, P. Kasirye, A .Babirye,
J. Asello, S. Nakalanzi, N.C. Ssemambo, J. Nakafeero, J.
Tikabibamu, G. Musoba, J. Ssanyu, M. Kisekka; MRC
Clinical Trials Unit, London, UK: D.M. Gibb, M.J.
Thomason, A.S. Walker, A.D. Cook, B. Naidoo-James,
M.J. Spyer, C. Male, A.J. Glabay, L.K. Kendall, J.
Crawley, A.J. Prendergast.
Independent ARROW trial monitors: I. Machingura,
S. Ssenyonjo.
Trial Steering Committee: I. Weller (Chair), E. Luyirika,
H. Lyall, E. Malianga, C. Mwansambo, M. Nyathi, F.
Miiro, D.M. Gibb, A. Kekitiinwa, P. Mugyenyi, P.
Munderi, K.J. Nathoo; Observers: S. Kinn, M. McNeil,
M. Roberts, W. Snowden.
Data and Safety Monitoring Committee: A. Breck-
enridge (Chair), A. Pozniak, C. Hill, J. Matenga, J.
Tumwine, A.S. Walker.
Endpoint Review Committee (independent members):
G.Tudor-Williams(Chair),H.Barigye,H.A.Mujuru,G.
Ndeezi; Observers: S. Bakeera-Kitaka, M.F. Bwakura-
Dangarembizi,J.Crawley,V.Musiime,P.Nahirya-Ntege,
A.J. Prendergast, M. Spyer.
Funding: The ARROW trial was funded by the UK
Medical Research Council and the UK Department for
International Development (DFID). ViiV Healthcare/
GlaxoSmithKline donated ﬁrst-line drugs for ARROW
and provided funding for VL assays.
The funders had no inﬂuence on design and conduct of
the study; collection, management, analysis, and
interpretation of the data; or in the preparation, review
and approval of the manuscript.
Conﬂicts of interest
M.S. has undertaken consultancy for pharmaceutical
manufacturers,someofwhomproducetherapiesforHIV.
References
1. UNAIDS Global Report. UNAIDS report on the global AIDS
epidemic 2013. Geneva, Switzerland: UNAIDS, 2013, p. A91.
Efficiency of paediatric HIV treatment programmes Revill et al. 209 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
2. ARROW Trial team. Routine versus clinically driven laboratory
monitoring and ﬁrst-line antiretroviral therapy strategies in
African children with HIV (ARROW): a 5-year open-label
randomised factorial trial. Lancet 2013; 381:1391–1403.
3. Bwakura-Dangarembizi M, Kendall L, Bakeera-Kitaka S,
Nahirya-Ntege P, Keishanyu R, Nathoo K, et al. Randomised
trial of prolonged co-trimoxazole prophylaxis in HIV children
in Africa. N Engl J Med 2014; 370:41–53.
4. World Health Organization. Antiretroviral therapy of HIV infec-
tion in infants and children: towards universal access. Recom-
mendations for a Public Health Approach; 2006. Geneva,
Switzerland: World Health Organization; 2006, pp. 13–16.
5. Drummond M, Sculpher MJ, Torrance GW, o’Brien BJ, Stoddart
GW. Methods for the economic evaluation of healthcare pro-
grammes. 3rd ed. Oxford, UK: Oxford Medical Publications;
2005.
6. Medina Lara A, Kigozi J, Amurwon J, Muchabaiwa L, Nyanzi
Wakaholi B, Mujica Mota RE, et al. Cost effectiveness analysis
of clinically driven versus routine laboratory monitoring of
antiretroviral therapy in Uganda and Zimbabwe. PLoS One
2012; 7:e33672.
7. Ryan M, Grifﬁn S, Chitah B, Walker AS, Mulenga V, Kalolo D,
et al. The cost-effectiveness of cotrimoxazole prophylaxis in
HIV-infected children in Zambia. AIDS 2008; 22:749–757.
8. KaufTL,RoskellN,ShearerA,GazzardB,MauskopfJ,DavisEA,
Nimsch C. A predictive model of health state utilities for HIV
patients in the modern era of highly active antiretroviral
therapy. Value Health 2008; 11:1144–1153.
9. White IR, Royston P, Wood AM. Multiple imputation using
chained equations: Issues and guidance for practice. Stat Med
2011; 30:377–399.
10. Sculpher MJ, Claxton K, Drummond M, McCabe C. Whither
trial-based economic evaluation for healthcare decision mak-
ing? Health Econ 2006; 15:677–687.
11. Claxton K, Walker S, Palmer S, Sculpher M. Appropriate
perspectives for healthcare decisions. York, UK: Centre for
Health Economics Research University of York; 2010: paper
54, pp. 14–19. 2010.
12. Fenwick E, O’Brien BJ, Briggs A. Cost-effectiveness acceptabil-
ity curves: facts, fallacies and frequently asked questions.
Health Econ 2004; 13:405–415.
13. Acharya A, Adam T, Baltussen R, Evans D, HutubessyR, Murray
CJL, Tan Torres T. Making choices in health. WHO guide to
cost-effectiveness analysis. Geneva, Switzerland: World Health
Organization; 2004. p. 245.
14. United Nations Statistics Division. UN country proﬁles. 2013.
http://data.un.org/CountryProﬁle.aspx?. [cited 9 September
2013]
15. Revill P, Sculpher M. Cost effectiveness of interventions to
tackle noncommunicable diseases. BMJ 2012; 344:d7883.
16. Braithwaite RS, Nucifora KA, Yiannoutsos CT, Musick B,
Kimaiyo S, Diero L, Bacon MC. Alternative antiretroviral
monitoring strategies for HIV-infected patients in east
Africa: opportunities to save more lives? J Int AIDS Soc
2011; 14:38(1-14).
17. Goldie SJ, Yazdanpannah Y, Losina E, Weinstein MC, Anglaret
X, Walensky RP, et al. Cost-effectiveness of HIV treatment in
resource-poor settings–the case of Cote d’Ivoire. N Engl J Med
2006; 355:1141–1153.
18. Bishai D, Colchero A, Durack DT. The cost effectiveness of
antiretroviral treatment strategies in resource-limited settings.
AIDS 2007; 21:1333–1340.
19. Chan AK, Ford D, Namata H, Muzambi M, Nkhata M, Abon-
gomera G, et al. and the Lablite Team, The Lablite project: a
corss-sectional mapping survey of decentralized HIV service
provision in Malawi, Uganda and Zimbabwe. BMC Health
Services Res 2014; 14:352.
20. Harries AD, Schouton EJ, Makombwe SD, Libamba E, Neufville
HN, Some E, et al. Ensuring uninterrupted supplies of anti-
retroviral drugs in resource-poor settings: an example from
Malawi. Bull World Health Organ 2007; 85:152–155.
21. Mueller DH, Lungu D, Acharya A, Palmer N. Constraints to
implementing the essential health package in Malawi. PLoS
One 2011; 6:e20741.
22. Windisch R, Waiswa P, Neuhann F, Scheibe F, de Savigny D.
Scaling upantiretroviraltherapyin Uganda:using supplychain
management to appraise health systems strengthening. Global
Health 2011; 7:1–11.
23. Witter S, Fretheim A, Kessy FL, Lindahl AK. Paying for perfor-
mance to improve the delivery of health interventions in low-
and middle-income countries. Cochrane Database Syst Rev
2012; 2:CD007899.
24. Fenwick EF, Claxton K, Sculpher MJ. The value of implementa-
tion and the value of information: combined and uneven
development. Med Decis Making 2008; 28:21–32.
25. Walker S, Faria R, Dixon S, Palmer S, Sculpher M. Getting cost-
effective technologies into practice: the value of implementa-
tion. Shefﬁeld, UK: School of Health and Related Studies
(SHARR), University of Shefﬁeld; York, UK: Centre for Health
Economics (CHE), University of York: Policy Research Unit in
Economic Evaluation in Health and Care Interventions.
26. Me ´decins sams Frontie `res. Untangling the web of antiretroviral
price reductions. Geneva, Switzerland: Me ´decins sams Fron-
tie `res, 2012.
27. Ministry of Health Planning Department Malawi. EHP cost
model for the Malawi health sector plan 2010–2016. Lilongwi,
Malawi: Ministry of Health; 2011.
28. Ministry of Health Malawi. Multi-country analysis of treatment
costs for HIV/AIDS (MATCH). Lilongwi, Malawi: Ministry of
Health; 2012. p. 7.
29. Gray R, Keebler D, Revill P, Phillips A, Braithwaite S, Blaser N,
et al. The cost and impact of alternative strategies for monitoring
child patients on ART. Geneva, Switzerland: World Health
Organization; 2013. p.1–2.
30. Keebler D, Revill P, Braithwaite S. Cost-effectiveness of differ-
ent strategies to monitor adults on antiretroviral treatment:
a combined analysis of three mathematical models. Lancet
Global Health 2014; 2:e-35–e43.
31. Uganda Ministry of Health. Addendum to the antiretroviral
treatment guidelines for Uganda. Uganda: Ministry of Health;
2013. pp. 24–25.
32. Ministry of Health and Child Care Zimbabwe. Guidelines for
antiretroviral therapy for the prevention and treatment of HIV
in Zimbabwe. Harare, Zimbabwe: National Medicine and
Therapeutics Policy Advisory Committee (NMTPAC) and the
AIDS and TB Directorate, Ministry of Health and Child Health-
care, Zimbabwe; 2013. p. 47.
210 AIDS 2015, Vol 29 No 2